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Functions and Regulations of Cellular Proteinases During Growth and 
Differentiation of the Cellular Slime Mold, Dictyostelium discoideum.
(73 pp.)
Director: Gary L. Gustafson
Previous studies by Gustafson and Thon (J.Biol.Chem.254 :12471- 
12478) had shown that the wild-type strain (NC-4) of the cellular slime 
mold, Dictyostelium discoideum, produced three proteinases (called 
Proteinases 1, 11 and 111). In the present studies, it was shown that 
two of these proteinases (Proteinases 1 and 11) were also produced by 
an axenic strain (Ax-3) of D.discoideum. Utilizing strain Ax-3, studies 
were conducted to examine how the levels of Proteinases 1 and 11 
varied during growth and differentiation of cells grown under different 
nutritional conditions. Results obtained have indicated that 1) both 
the total levels of the proteinases and their relative proportions 
varied with alternations in the nutritional status of the growing cells;
2 ) changes in the nutritional conditions of the cells did not alter the 
variations in the levels of proteinases during cellular differentiation; 
and 3) Proteinases 1 and 11 were not the only proteinases functioning 
in the intracellular protein turnover during cellular differentiation. 
The results were consistent with the view that Proteinases 1 and 11 
could function both in the catabolism of nutrient proteins and also in 
the degradation of endogenous, intracellular proteins. It was also 
suggested that Proteinase 1 may be more important than Proteinase 11 in 
degrading highly folded proteins.
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CHAPTER I 
INTRODUCTION
The cellular slime mold, Dictyostelium discoideum, is an 
excellent model system for investigating the molecular regulation of 
cellular differentiation processes. Its desirable features include:
1 ) the differentiation process represents a "closed" system - being 
induced by starvation, and proceeding in the absence of growth; 2 ) 
only two cell types are involved - stalk and spore cells; and 3) 
the differentiation process is rapid and synchronous. The studies 
described in this thesis focused on an evaluation of how cellular 
proteinase levels varied during growth and differentiation of 
D.discoideum.
I. Life-cycle of the Cellular Slime Mold Dictyostelium Discoideum
The cellular slime mold, Dictyostelium discoideum, was first 
discovered by Raper in 1935 as a soil amoeba in the woods of North 
Carolina (1). The cells feed on the bacteria of decaying, fallen leaves 
and other decomposing matter and divide by binary fission. However, 
when the local environment is depleted of a food source, the amoebae 
collect into multicellular units and differentiate to form fruiting 
bodies (Fig.l). In the laboratory a synchronous differentiation can be 
achieved by spreading cells, which have been washed free of nutrients, 
onto a moist, solid non-nutrient surface (2% agar containing 40 mM 
potassium phosphate buffer, pH 6 .6 , is used in our laboratory).
About 6-10 hours after differentiation is initiated, the cells 
begin to collect in large streaming patterns to form groups containing 
up to 10^ cells. These aggregates become integrated in a finger-like 
structure surrounded by a cellulose sheath. The finger-like structure 
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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topples over onto the surface, forming a migrating pseudoplasmodium. The 
cells reach this pseudoplasmodial stage 12-14 hours after differentiation 
is initiated. Under suitable environmental conditions (high humidity, low 
ionic concentration), the pseudoplasmodium can migrate horizontally for 
a period of days, covering tens of centimeters (2,3). However, in the 
presence of 40 mM potassium phosphate (i.e. the buffer solution used for 
differentiation in the laboratory) the pseudoplasmodium stops after 
migrating for a few hours. The anterior tip of the pseudoplasmodium 
moves vertically in preparation for the next stage of differentiation, 
the culmination stage (16-20 hours after differentiation is initiated). 
The cells near the anterior tip begin to synthesize a cellulose- 
containing ring (14). This ring is extended and forms a tubular sheath 
within the cell mass. Cells included within this stalk sheath vacuolize 
and expand in volume three- to four-fold. When the elongating stalk 
contacts the solid support, further expansion is restricted to the apical 
axis. As the stalk extends, anterior cells move into the funnel of the 
stalk sheath where they vacuolize and secrete cellulose to form angular 
walls. Encapsulation of spore cells begins in the periphery of the rising 
mass of cells (4). As culmination proceeds more and more of these 
initially posterior cells are encapsulated into heavy walled spores.
When all the cells have either been engulfed into the stalk or have 
encapsulated to form spores, the formation of the fruiting body is 
complete. The whole process of fruiting body formation is completed in 
about 24 hours after differentiation is initiated. Stalk cells of the 
fruiting body are no longer viable after vacuolization but the spores 
can remain viable through extended periods of dehydration, starvation, 
and elevated temperatures. When the spores are dispersed in suitable
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
nutrients, they germinate to form new vegetative amoebae.
Although it has been impossible to grow the wild-type strain 
(NC-4) of D.discoideum in a medium without bacteria, several mutants 
have been derived from the NC-4 strain which can grow on axenic media. 
An axenic strain Ax-3 (7) was used in all our experiments. This strain 
follows the same sequences of morphological changes during differentiat­
ion as the wild-type, NC-4 strain.
0D
GROWTH AGGREGATION
GERMINATION
SPORES
PSEUDOPLASMODIUM . 
FORMATION
FRUITING
BODY
CULMINATION
Fig. 1 Life-cycle of Dictyostelium discoideum
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II. Functions of Proteolysis During Growth
A. Degradation of exogenous proteins In Dictyostelium discoideum
The NC-4 strain of D.discoideum requires bacteria as a source of 
nutrients. During vegetative growth, amoebae Ingest their prey by 
phagocytosis. The Ingested bacteria are digested after fusion of the 
phagocytic vesicles with lysosomes (8 ). Proteinases localized In lyso­
somal granules of the cells probably function In the digestion of 
bacterial proteins. Since the axenic strain Ax-3 grows In a medium 
containing proteose peptone, yeast extract, glucose, and phosphate buffer 
(pH 6 .6 ), It also requires cellular proteinases to digest the peptides 
In the medium.
B. Intracellular turnover of cellular proteins
About 40 years ago, Schoenhelmer and co-workers In a classic 
work demonstrated that endogenous proteins within cells are In a 
highly dynamic state (9). They found that cellular proteins were subjected 
to metabolic turnover, being continually synthesized and replaced. However, 
not until recently, has this problem of Intracellular protein turnover 
been pursued seriously by biologists.
In vitro studies of rat muscle protein degradation suggested that 
the average rates of protein degradation iji vivo vary continuously In 
response to endocrine and nutritional Influences. Rates of proteolysis 
In muscles decreased on exposure to Insulin, glucose or the branched- 
chaln amino acids leucine, Isoleuclne and valine (10). These studies 
agree with the hypothesis that during fasting, degradation of cellular 
protein reserves permit synthesis of new enzyme appropriate to fasting 
and also supplies amino acids for gluconeogenesls.
Studies of protein degradation In E.coll demonstrated that
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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although growing bacteria degraded proteins relatively slowly, these 
cells increased their rate of degradation several-fold when deprived of a 
nitrogen source, a carbon source or a required amino acid. This increased 
protein breakdown terminated if the cells were resupplied with the 
required nutrients (11). Mass degradation of normal cell proteins has 
been found to occur in many bacteria during sporulation in order to 
provide amino acids for spore formation (12). Thus, an increase in protein 
catabolism in prokaryotic cells, like that in mammals, has the function 
of providing precursors for the synthesis of new enzymes when cells are 
starved for essential nutrients.
Eukaryotic microorganisms with long cell cycles are confronted with 
similar problems as the eukaryotic cells in tissues of higher organisms 
in which cell division occurs infrequently. Both cell types must be able 
to reduce the levels of certain enzymes in response to environmental 
change in the absence of frequent cell division. Schmidt (18) has 
proposed that long-cycled eukaryotic microorganisms, such as Chorella 
(generation time 16 hours), have evolved mechanisms for turnover of
unwanted enzymes during the normal cell cycle. Although no such mechanism 
has yet been described in the cellular slime mold D.discoideum, it is
possible that such a mechanism does exist in the axenically grotiring Ax-3 
cells which have a generation time of about 1 2  hours.
Intracellular protein degradation has also been proposed to 
function in preventing the accumulation of abnormal proteins. These 
useless or potentially harmful proteins arise as a consequence of mistakes 
in gene expression, mutations, chemical modification of proteins, or 
spontaneous dénaturation (1 0 ).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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C. Post-translational processing of cellular proteins by limited proteolysis
Cellular proteinases may be involved in a number of important 
processes which do not require the complete degradation of cell proteins. 
Some examples of these processes include; 1) the release of a formyl group 
from nascent protein after translation (13); 2) post-translational 
cleavage of polypeptide chains in the process of viral morphogenesis 
(14,15); 3) maturation of secreted proteins such as collagen from 
procollagen (16), or albumin from proalbumin (17).
III. Functions of Proteolysis During Differentiation in the Cellular Slime 
Mold Dictyostelium Discoideum
During differentiation of the cellular slime mold, D.discoideum, 
in which cells are starved for exogenous nutrients, the cells must depend 
upon endogenous nutrients for both energy and biosynthetic precursors. 
Several lines of evidence suggest that intracellular proteins are utilized 
as a principle source of energy during differentiation. Cells lose over 
50% of their total protein and this utilization is accompanied by the 
production of large quantities of ammonia (19).
Ashworth e^ al (20) have obtained evidence that intracellular 
protein degradation serves functions in addition to providing energy.
They have been able to obtain D.discoideum amoebae with different 
intracellular glycogen contents by growing the cells in media supplemented 
with different amounts of glucose (the glycogen content of growing cells 
was directly proportional to the amount of glucose supplied in the 
growth medium). When these cells with different intracellular glycogen 
content were allowed to differentiate, it was found that the rate of 
protein degradation in cells with low intracellular glycogen content was 
comparable to that in cells with high intracellular glycogen content.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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These results suggested that the rate of intracellular protein degradation 
during differentiation was independent of the amount of energy reserve 
(i.e., glycogen) in the cells.
Experimental results obtained by Alton and Lodish (21) have 
suggested that most of the cellular proteins synthesized by D.discoideum 
during growth are continuously degraded and replaced during the first 
few hours of differentiation. They have detected approximately 400 
proteins in growing and/or differentiating cells. Synthesis of most of 
these proteins continued throughout differentiation. Only about 100 
proteins exhibited changes in their rate of synthesis. During the early 
hours of differentiation, the major change observed was a reduction in 
the relative rate of synthesis of about 8  proteins. Few further changes 
were noticeable until the stage of late cell aggregation, when production 
of about 40 new proteins began and the rates of synthesis of about 10 
were reduced considerably. Thus it appears that during the first few 
hours of differentiation when most of the proteins are continuing to be 
synthesized, the accumulation of these proteins is prevented by their 
degradation.
It may be hypothesized that proteolysis is required to degrade 
proteins that are not essential for differentiation of D.discoideum; and 
at the same time, provide precursors and energy for the synthesis of new 
enzymes required during the process of differentiation.
IV. Regulation of UDPglucose Pyrophosphorylase in Dictyostelium Discoideum
UDPglucose pyrophosphorylase is an example of an enzyme which 
accumulates during the process of differentiation (22). This enzyme is 
important in differentiation because it catalyzes the synthesis of 
UDPglucose, which is an intermediate for the biosynthesis of many
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8
oligosaccharides found in the differentiated cells (e.g. trehalose, 
cellulose, and mucopolysaccharide in the stalk wall). The mechanism of 
accumulation of the enzyme has been studied by Gustafson _e^ al̂  (23).
They demonstrated that the enzyme was synthesized continuously during 
differentiation. During the initial hours of differentiation, however, 
the enzyme was maintained at a constant cellular level as the result of 
a balance between synthesis and degradation of the enzyme. Its 
subsequent accumulation at later stages was due to a decrease in the 
rate of enzyme degradation.
In an effort to identify the proteinase responsible for the 
degradation of the enzyme UDPglucose pyrophosphorylase, a proteinase 
(called Proteinase I) has been isolated from D.discoideum which has the 
property of inactivating the pyrophosphorylase in vitro (24). Among 
eleven D.discoideum enzymes examined for their sensitivity to Proteinase 
I, UDPglucose pyrophosphorylase was inactivated most rapidly. Reagents for 
the pyrophosphorylase (e.g. UTP, UDPglucose) stabilized the enzyme 
against the proteinase, whereas its cofactor (Mg"^) promoted enzyme 
inactivation. In vivo study of the proteinase activity during differentia­
tion showed a temporal correlation between the loss of Proteinase I and 
the initiation of accumulation of the pyrophosphorylase. The loss in 
proteinase activity began 6  hours after the initiation of differentiation. 
This decrease in proteinase activity was correlated temporally with the 
accumulation of the pyrophosphorylase. These results have provided, at 
least, circumstantial evidence that the decrease in in vivo enzyme 
degradation may result from the inactivation of Proteinase I.
Chemical charaterizations (34) have indicated that Proteinase I 
contains approximately 0.7 ^mole of phosphate per mg protein. It has been
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9
demonstrated (25) that all of the phosphate residues in Proteinase I 
occur as N-acetylglucosamine-l-phosphate. Each of these sugar phosphate 
residues is linked to a peptidyl serine residue in the enzyme.
In addition to Proteinase I, two other proteinases, called 
Proteinase II and Proteinase III have been isolated from D.discoideum^. 
Proteinases II and III shared several properties in common with Proteinase 
I. These included the following: 1) Proteinases I, II and III were 
immunologically cross-reactive with each other; 2 ) all three proteinases 
exhibited esterase activity towards CBZ-Lys-ONp ester; 3) they had 
similar pH optima; and 4) their specificities for hydrolyzing peptide 
bonds were essentially identical. However, Proteinases II and III differed 
significantly from Proteinase I in two respects: 1) Proteinases II and III 
contained only about 10% as much phosphate as Proteinase I; and 2) they 
were much less effective than Proteinase I in catalyzing an inactivation 
of UDPglucose pyrophosphorylase.
Based on a comparison of the properties of Proteinases I, II and III, 
it has been proposed that the three proteinases may be equally effective 
in degrading small polypeptide substrates. However, Proteinase I may be 
more effective than Proteinases II and III in degrading large, highly- 
folded protein substrates. It is thought that ionic interactions, occurring 
between the acidic phosphoryl moieties of Proteinase I and basic amino 
acyl residues on the surfaces of folded protein substrates may 1 ) increase 
the affinity of the proteinase for binding substrates, and 2 ) promote 
conformational changes in the substrates which are necessary for their 
degradation.
^G.L. Gustafson and L.A. Milner, unpublished data
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V. Other Proteinases Produced by Dictyostelium Discoideum
Wiener and Ashworth (26) have isolated lysosomal particles from 
amoebae of D«discoideum with acid proteinase activities at a pH optimum of 
3; and the amounts of these lysosomal enzymes are regulated both during 
growth and differentiation. They have shown that the enzyme composition 
and density of the lysosomal particles are different in cells grown on 
bacteria or axenically. During cellular differentiation, the specific 
activities of these acid proteinases changed significantly.
Rutherford (27), in assaying for proteinase activity during 
differentiation, suggested a possible role for cathepsin B in stalk cell 
differentiation. By using a microdissection technique, they showed that 
cathepsin B activity was higher in the prestalk cells than in the prespore 
cells. Similarly in the matured fruiting bodies, the stalk cells showed a 
five-fold higher cathepsin B activity than in the spore cells.
Rossomando aT (28) demonstrated the secretion of a proteolytic 
activity at the onset of starvation, and that this activity was not 
secreted by exponentially growing cells. They proposed that the proteinase 
secreted during the onset of development might act on cell membrane proteins, 
resulting in the release of membrane components (polypeptides) which 
coated the substratum and facilitated migration and multicellular 
structure formation.
VI. Objectives of Thesis Project
Proteinase I represents about 2% of the total cellular protein 
in D.discoideum cells which have been grown on bacteria, while UDPglucose 
pyrophosphorylase represents only about 0.025% of the total cellular 
protein. Thus, it seems unlikely that Proteinase I functions only in 
regulating the level of UDPglucose pyrophosphorylase. On the other hand.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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the physiological functions and regulations of Proteinase II and Proteinase 
III isolated from NC-4 cells are virtually unknown. The objective of this 
study was to examine in more detail the physiological regulation of these 
proteinases in D. discoideum. The specific aims were as follows:
1) To characterize the properties of proteinases isolated from Ax-3 
cells and to compare their properties with the properties of Proteinases I, 
II and III isolated previously from NC-4 cells by Gustafson and Milner.
2) To evaluate how the nutritional status of growing Ax-3 cells 
influenced the levels of proteinases during growth and differentiation.
3) To investigate the regulation of the levels of various 
proteinases under various growth conditions.
4) To examine the relationship between UDPglucose pyrophosphorylase 
and Proteinase I during growth and differentiation of Ax-3 cells.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER II 
MATERIALS AND METHODS
MATERIALS
A Sorvall RC 2-B centrifuge, equipped with an SS 34 rotor 
was used for all centrifugation. A Coleman Junior II Spectrophotometer 
was used in the determination of protein. Proteose peptone and Noble 
agar were purchased from Difco Laboratories and yeast extract was 
obtained from BBL. Tricine, TLCK, dithiothreitol, CBZ-Lys-ONp were 
purchased from Sigma Chemical Company. All other chemicals were 
reagent grade.
12
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METHODS
I. Culturing Conditions
The axenic strain, Ax-3, of the cellular slime mold Dictyostelium 
discoideum (7) was used in all experiments.
A. Preparation and storage of spore plates —  Stock cultures of
D.discoideum were maintained as fruiting bodies on nutrient agar plates 
stored at 4°C. New spore plates were prepared every 4 weeks so as to 
maintain fresh stock cultures of the organism. Nutrient agar used in 
preparing spore plates contained in 500 ml; yeast extract, 0.5 g; peptone, 
5 g; glucose, 5 g; K 2 HP 0 ^, 0.48 g; KH 2 P 0 ^ , 0.73 g; MgSO^, 0.5 g; and 
agar, 10 g. The medium was sterilized for 20 minutes at I21°C, and 
poured into petri dishes (approximately 25 ml/dish; dish diameter, 8 6  mm). 
The nutrient agar plates were inoculated with 1) 0.5 ml of an Escherchia 
coli culture containing 10^-10^ cells/ml; and 2) 5-10 spore heads from 
Ax-3 fruiting bodies (derived from a spore plate prepared previously).
The mixture of bacteria and spores were spread evenly over the agar 
surface of each plate, and the plates were incubated at 23°C for 3 days. 
During this incubation period the following events occurred: 1) day 1, 
the bacteria multiplied on the plate, consuming the available nutrients. 
Simultaneously the spores germinated, forming vegetative amoebae 
which in turn began to utilize the bacteria; 2 ) day 2 , the bacteria began 
to be depleted and the confluent lawn of amoebae began to aggregate; and
3) day 3, differentiation of the amoebae was completed with the formation 
of mature fruiting bodies. The plates containing mature fruiting bodies 
were stored at 4°C.
13
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B. Preparation and maintenance of stock cultures of cells growing 
on axenic media —  Spore heads from stock spore plates were picked and 
inoculated into 50 ml of sterile HL-5 medium contained in a 250 ml flask. 
HL-5 medium contained per liter: proteose peptone, 15 g; yeast extract, 
7.5 g; glucose, 15 g; streptomycin sulfate, 250 mg; and 40 mM phosphate 
buffer, pH 6 .6 . The phosphate buffer was autoclaved separately from all 
other components of the medium. The culture was incubated at 23°C on a 
gyratory shaker operated at 120 rpm. Cell growth was followed by counting 
cells with a haemocytometer. The stock culture was maintained by diluting 
0.5 ml of the culture into 50 ml of the fresh medium every four days.
C. Growth of cells in association with bacteria —  Cells growing 
in association with E.coli were cultured in covered aluminum pans 
(16x11x1 inches). Each pan contained 550 ml of sterile nutrient agar 
medium (same composition as used for agar plates). The pans were 
inoculated with 4 ml of a suspension of E. coli cells and Ax-3 spores, 
prepared by mixing the spores from one spore plate with 1 0 0  ml of an
E.coli culture (10®-10^ cells/ml). The pans were incubated at 23°C. At 
designated time intervals, cells from a pan were harvested in cold water 
and sedimented by centrifugation at 480xg for 1 minute. The amoebae were 
resuspended in 40 ml of fresh cold distilled water and again sedimented 
as above. This washing procedure was repeated 4 times in order to remove 
bacteria. The washed amoebae were suspended in an equal volume of 10 mM 
Tricine, pH 8.0 and stored at -60°C.
D. Growth of cells on HL-5 medium —  A stock culture of cells 
maintained on HL-5 medium was inoculated into fresh HL-5 medium to a cell 
density of 1-2 x 10^ cells/ml. The culture was incubated at 23°C and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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shaken at 120 rpm. Aliquots of cell cultures were collected at designated 
time intervals or at designated cell densities and sedimented by centrifu­
gation at 755 X g for 1 minute. The cell pellets were washed 3 times with 
40 ml aliquots of cold, 40 mM phosphate buffer (pH 6 .6 ). With each wash 
the cells were sedimented as described above. Washed amoebae were 
suspended in 10 mM Tricine (pH 8.0) at a cell density of 5 x 10® cells/ml 
and stored at -60°C.
E. Growth of cells on defined medium —  In our initial studies, 
attempts were made to culture Ax-3 cells on the minimal medium developed 
by Franke (29). However, no cell multiplication was observed. Subsequent 
studies indicated that cell multiplication could be achieved with the 
following modifications of Franke's medium; 1) the medium was supplemented 
with L-ascorbic acid, calcium pantothenate, and pyridoxine HCl; and 2) all 
other vitamins in Franke’s medium were increased two-fold. Table 1 shows 
the composition of the modified medium used in our studies. A stock 
solution was prepared for each individual component in the medium. All 
stock solutions of amino acids and vitamins were stored at -60°C. The 
medium was prepared by mixing appropriate aliquots of the stock solutions 
and the final mixture was adjusted to pH 6.5 using NaOH. The medium was 
then autoclaved at 121®C for 20 minutes. A stock culture of cells in 
defined medium was prepared by inoculating the medium with cells from the 
stock HL-5 culture to a final density of about 1 x 10^ cells/ml. The stock 
culture of defined medium was maintained in the same way as the stock 
HL-5 culture. The growth conditions, harvesting and storage procedures 
were the same as described in the growth of cells on HL-5 medium.
F. Differentiation of cells —  In experiments requiring differentiated
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table 1. Composition of defined medium for D.discoideum strain Ax-3
Component Quantity
Glucose (mM) 56
Amino acids (mM)
L-Arginine 3.3
L-Asparagine 2.3
L-Cysteine 1.7
Glycine 1 2 . 0
L-Glutamic acid 3.4
L-Histidine 1.4
L-Isoleucine 4.6
L-Leucine 6.9
L-Lysine 4.9
L-Methionine 2 . 0
L-Phenylalanine 3.0
L-Proline 7.0
L-Threonine 4.2
L-Tryptophan 1 . 0
L-Valine 6 . 0
Vitamins (mg/liter)
Biotin 0.04
Cyanocobalamin 0 . 0 1
Folic acid 0.40
Lipoic acid 0.80
Riboflavin 1 . 0 0
Thiamine.HCl 1 . 2 0
L-Ascorbic acid 4.00
Calcium pantothenate 1.50
Pyridoxine.HCl 0.50
Salts (mM)
K 2 HPO 4 5.00
NaOH 2 . 0 0
NaHCO] 0 . 2 0
NH 4 CI 1 . 0 0
CaCl? 0 . 0 2
FeClg 0 . 1 0
MgClg 0.40
Trace elements (uM)
Na 2 EDTA 13.00
H 3 BO 2 1.80
C0 CI 2 0.70
CUSO 4 0.60
(NH4)6Mo,024 0.08
MnCl 2 2.60
ZnS 0 4 8 . 0 0
Streptomycin sulfate (mg/liter) 250
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cells, washed amoebae were suspended in 40 mM phosphate buffer (pH 6 .6 ) 
at a cell density of 2-4 x 10® cells/ml. Aliquots, 0.5 ml, of the cell 
suspension were spread onto 2 % non-nutrient agar, contained in petri dishes 
( 8 6  mm diameter), and incubated at 23°C. At designated stages of differen­
tiation or at designated time intervals, the cells were harvested, washed 
and stored the same way as described in the growth of cells on HL-5 medium.
II. Assay for Esterase Activity
Crude extracts were prepared by thawing the frozen cell suspensions. 
The extracts were centrifuged for 10 minutes at 27,000xg, and the 
supernatant fluids were collected. Aliquots of the supernatant fluids 
were assayed for esterase activity. Reaction mixtures contained, in a total 
volume of 1 ml, 180 pmole of potassium phosphate (pH 5.5); 0.5 pmole of 
the synthetic substrate N-o(-carbobenzoxy-L-lysine-p-nitrophenyl ester 
(CBZ-Lys-ONp); 5% acetonitrile, and sufficient extract to produce an 
absorbance change of at least 0.04 per minute at 340 nm. The temperature 
of assay mixtures was maintained at 25°C in a waterjacketed cuvette holder. 
The change in absorbance was followed continuously using a Coleman- 
Hitachi model 120 double beam spectrophotometer, equipped with a recorder. 
The rate of absorbance change observed in each assay was corrected for 
the non-specific hydrolysis of the synthetic ester (24). One unit of 
enzyme was defined as that amount catalyzing the formation of 1 ^mole of 
p-nitrophenol (extinction coefficient, 5600 M” ^) per minute at 25°C.
III. Determination of Protein
Aliquots of cell extracts were mixed with 20 volume of 10% 
trichloroacetic acid. The precipitated protein was collected by centrifug­
ation and analyzed by the method of Lowry e_t al̂  (30). Bovine serum 
albumin was used as a standard.
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IV. Fractionation of Esterase Activity by Sephadex G-200 Chromatography
A  1.7 cm X 47 cm column of Sephadex G-200 was equilibrated by 
elution with 150 ml of 10 mM Tricine (pH 8.0) , containing 0.5 mM 
dithiothreitol. An aliquot (1-3 ml) of crude extract was applied to the 
column, and the column was developed by elution with 150 ml of the equilibrat­
ion buffer. The flow rate of the column was about 0.12 ml per minute and 
the temperature was maintained at 4°C. Two-ml fractions were collected 
and assayed for esterase activity.
V. Purification of Proteinases
A. Proteinase I
Five liters of cells growing on HL-5 medium were harvested when 
cells were in an exponential growth phase, at a density of 3 x 10^ 
cells/ml. Washed cells were suspended in 10 mM Tricine (pH 8.0) at a 
density of 5 x 10® cells/ml and stored at -60°C. A crude extract was 
prepared from the frozen cell suspension as described above. The temperat­
ure was maintained at approximately 4°C during all purification steps.
1. Protamine sulfate treatment —  Proteinase I was precipitated 
from the crude extract by addition of 0.075 volume of an aqueous 5% 
solution of protamine sulfate. The pH was adjusted to 6.7 with NaOH, and 
the resulting mixture was centrifuged for 10 minutes at 27,000xg. The 
supernatant fluid was stored at -60°C. The pelleted material was collected 
and suspended in 125 ml of cold, distilled water. The suspension was 
centrifuged for 10 minutes at 27,000 x g, and the washed pellet was
resuspended in 100 ml of 10 mM Tricine (pH 8.0) containing 0.1 M NaCl. -
This mixture was centrifuged as above and the supernatant fluid was 
collected.
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2. Ammonium sulfate fractionation —  Solid ammonium sulfate was 
added to the stirred supernatant fluid to 65% saturation. The pH was 
maintained at 7.4. After stirring the mixture for 15 minutes, the 
mixture was centifuged (27,000 x g, 10 minutes). Solid ammonium sulfate 
was then added to the supernatant fluid to 90% saturation, and the 
solution was again stirred for 15 minutes. Protein, which precipitated 
between 65 to 90% salt saturation, was collected by centrifugation
(27,000 X g, 10 minutes) and redissolved in 100 ml of 10 mM Tricine (pH 8.0), 
containing 0.5 mM dithiothreitol.
3. DEAE-cellulose chromatography —  The 65 to 90% ammonium sulfate 
fraction was applied to a column (1.5 cm x 8  cm) of Whatman DE52 cellulose, 
previously equilibrated with 50 ml of 10 mM Tricine (pH 8.0), 0.5 mM 
dithiothreitol. The column was developed by elution with 50 ml of the 
above buffer, followed by elution with a 200 ml linear NaCl gradient
from 0.1 to 0.3 M (in 10 mM Tricine, pH 8.0, containing 0.5 mM 
dithiothreitol). The flow rate was approximately 0.5 ml/minute, and 
2.5 ml fractions were collected. All fractions containing more than 0.1 
unit of esterase activity were combined.
4. Sephadex G-200 chromatography —  Proteinase I recovered from 
DEAE-cellulose chromatography was concentrated (by pressure dialysis) in 
an Amicon ultrafiltration cell, equipped with a UM-10 filter (Amicon 
Corp., Lexington Mass.). The resulting solution was applied to a column 
(1.7 cm X 47 cm; V q =24 ml) of Sephadex G-200 previously equilibrated with
50 ml of 10 mM Tricine (pH 8.0), containing 0.5 mM dithiothreitol. The column 
was developed by elution with 150 ml of the above buffer. Two-ml fractions 
were collected and assayed for esterase activity. The flow rate was about
0.12 ml/minute. Fractions containing esterase activity were pooled and 
stored at -60°C.
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B. Proteinase II
1. Ammonium sulfate fractionation —  The supernatant fluid derived 
from the protamine sulfate treatment of crude extract was fractionated 
with ammonium sulfate. The same procedure was followed as in the ammonium 
sulfate fractionation of Proteinase I. Protein, which precipitated between 
65 to 90% salt saturation was collected, redissolved in 5 ml of 10 mM 
Tricine (pH 8.0)-0.5 mM dithiothreitol and dialyzed for 4 hours against 
the same buffer.
2. Sephadex G-200 chromatography —  The dialyzed solution obtained 
above was applied to a column (2.6 cm x 55.4 cm; V^=72 ml) of Sephadex G-200 
previously equilibrated by elution of the column with 100 ml of 10 mM 
Tricine (pH 8.0), containing 0.5 mM dithiothreitol. The column was developed 
by elution with 400 ml of the above buffer, and 5.2 ml fractions were 
collected. Two peaks of esterase activity were resolved during the 
chromatography. Fractions comprising the second peak were pooled and this 
solution was subjected to DEAE-cellulose chromatography.
3. DEAE-cellulose chromatography —  The solution of pooled fractions 
from the Sephadex G-200 chromatography was diluted to a final volume of 100 ml i 
10 mM Tricine (pH 8.0)-0.5 mM dithiothreitol. This solution was applied
to a column (1.5 cm x 4 cm) of Whatman DE52 cellulose, previously 
equilibrated with 10 mM Tricine (pH 8.0)-0.5 mM dithiothreitol. The 
column was developed by elution with 50 ml of the above buffer, followed 
by elution with a 200 ml linear NaCl gradient from 0.1 to 0.3 M ( in the 
same buffer). Fractions (2.5 ml volume) were collected and assayed for 
esterase activity. Fractions containing more than 0.1 unit of esterase 
activity were pooled.
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VI. Assay for UDPglucose Fyrophosphorylase Activity
The assay procedure described by Gustafson .e^ al (23) was used. 
Reaction mixtures contained in a total volume of 1 ml; 2 pmole of 
MgS 0 ^. 7 H 2 0 , 50 pmole of Tricine pH 8.0, 1 pmole of Na 2 EDTA, I pmole of 
tetrasodium pyrophosphate, 0.4 pmole of NADP, 0.5 pmole of UDPglucose,
1 0 " 3  pmole ofd-D-glucose 1,6-diphosphate, 0.1 unit of phosphoglucomutase, 
0.2 unit of glucose-6 -phosphate dehydrogenase, and sufficient UDPglucose 
pyrophosphate to produce as absorbance change at 340 nm of at least 0.05 
per minute. The temperature of assay mixtures was maintained at 25°C. The 
rate of NADPH formation was quantified using a value of 6200 as the molar 
extinction coefficient at 340 nm. One unit of enzyme was defined as that 
amount catalyzing the synthesis of 1 ^mole of NADPH per minute at 25°C.
VII. Immunoelectrophoresis
Glass slides (26 mm x 76 mm), coated with 3 ml of 2% Nobel agar 
(Difco Corp.) in 0.05 M  sodium barbital (pH 8 .6 ) were employed. The 
punch used for preparing slides provided 2  mm wells and troughs measuring 
2 mm X  50 mm. Agar was removed from the well and the wells were filled 
with samples (purified proteinase or cell extract). Electrophoresis was 
performed at 100 V and allowed to go until the tracking dye (bromophenol 
blue) migrated to a position corresponding to the end of the trough. Agar 
from the trough was removed after electrophoresis; and the trough was 
filled with antibodies against Proteinase I (24). The slides were 
incubated at 25°C for 20 hours in a humid chamber. After incubation, the
slides were submersed in 0.05 M  sodium barbital (pH 8 .6 ) for 8  hours. The
slides were then treated with 7% acetic acid in order to accentuate
precipitin arcs that had formed in the agar-slides.
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CHAPTER III 
RESULTS
Purification of Proteinases From Cells Grown on HL-5 Medium
The CBZ-Lys-ONp esterase activity present in an extract of 
axenically grown Ax-3 cells was subjected to the fractionation 
procedures previously developed (24) for isolating Proteinases I, II 
and III from NC-4 cells (grown on bacteria). Two fractions of enzyme were 
obtained after treatment of the crude extract with protamine sulfate. 
Fraction-l-Esterase represented esterase activity which precipitated as 
as a complex with protamine sulfate and was recovered by extraction of this 
precipitate with 0.1 M  NaCl. Fraction-2-Esterase represented esterase 
activity which did not precipitate with protamine sulfate and was recovered 
in the supernatant fluid of the protamine sulfate-treated extract. Tables 
2  and 3  summarize the results obtained in additional purification steps 
performed with Fractions 1 and 2, respectively.
The elution patterns of esterase activity which were obtained during 
chromatographies of Fraction-1-Esterase with DEAE-cellulose and Sephadex 
G-200 are shown in Figures 2 and 3, respectively. In each of these chromato­
graphies, a single peak of esterase activity was observed. During DEAE- 
cellulose chromatography the enzyme activity eluted at a salt concentration 
of approximately 0.29 M  NaCl. During Sephadex G-200 chromatography the 
enzyme activity was recovered in a relative elution volume (V^/V^) of 
approximately 2 .
The elution patterns of esterase activity which were obtained 
during chromatographies of Fraction-2-Esterase with Sephadex G-200 and 
DEAE-cellulose are shown in Figures 4 and 5, respectively. During Sephadex 
G-200 chromatography the enzyme activity eluted in 2 separate peaks; the
22
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Purification of Fraction-2-Esterase
Step Activity (total units)
Crude extract 407
Protamine sulfate supernatant 150
65 to 90% saturated ammonium 
sulfate
55.7
Sephadex G-200 (h of the total amount 
from the ammonium sulfate step)
15.4
DEAE-cellulose 5.9
M
25
Fig. 2 DEAE-cellulose chromatography of Fraction-l-Esterase 
(Proteinase I). One-half of the total amount of protein, that 
precipitated between 65 to 90% saturated ammonium sulfate, was 
dissolved in 100 ml of 10 mM Tricine (pH 8.0), 0.5 mM dithiothreitol. 
The solution was applied to a column of Whatman DE52 cellulose 
previously equilibrated with the same buffer. The column was then 
eluted with 50 ml of the same buffer, followed by elution a 200 ml 
linear sodium chloride gradient from 0.1 to 0.3 M  (also in the same 
buffer). Fractions (2.5 ml) were collected and assayed for esterase 
activity. Fractions having total activity greater than 0.1 unit 
per fraction were pooled and stored at -60 C.
Fig, 3 Sephadex G-200 chromatography of Fraction-l-Esterase 
(Proteinase I). Enzyme activity recovered from DEAE-cellulose 
chromatography was concentrated by pressure dialysis in an Amicon 
ultrafiltration cell equipped with a UM-10 filter (Amicon Corp., 
Lexington, Mass.) to a final volume of 1 ml. The resulting solution 
was then applied to a column of Sephadex G-200 previously equilibrated 
with 10 mM Tricine (pH 8.0), 0.5 mM dithiothreitol. The column was 
developed with the same buffer, and 2  ml fractions were collected. 
Fractions containing esterase activity were pooled and stored at -60 C.
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Fig. 4 Sephadex G-200 chromatography of Fraction-2-Esterase 
(Proteinase II). Protein, that precipitated between 65 to 90% 
saturated ammonium sulfate, was dialyzed against 10 mM Tricine 
(pH 8.0), 0.5 m M  dithiothreitol. One-half of the resulting solution 
was applied to a column of Sephadex G-200 previously equilibrated 
with 10 m M  Tricine (pH 8.0), 0.5 m M  dithiothreitol. The column was 
developed with the same buffer and 5.2 ml fractions were collected. 
Fractions from the second peak of esterase activity having activity 
greater than 0.4 unit per fraction, were pooled and stored at -60°C.
Fig. 5 DEAE-cellulose chromatography of Fraction-2-Esterase
(Proteinase II). Enzyme activity recovered from Sephadex G-200
chromatography of Fraction-2-Esterase was applied to a column of
Whatman DE52 cellulose in a total volume of 100 ml. The column was
eluted with 50 ml of 10 mM Tricine (pH 8.0), 0.5 m M  dithiothreitol,
followed by elution with a 2 0 0  ml linear sodium chloride gradient
from 0.1 to 0.3 M  (in the same buffer). The elution pattern of esterase
activity from Fraction-2 (•—  • ) is compared with the elution
pattern of Proteinase I (dashed line). The elution pattern of Proteinase I
represents data taken from Fig.2.
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first peak (i.e. the minor peak) had a relative elution volume of 2, and the 
second peak (i.e. the major peak) had a relative elution volume of 3. Since 
the minor peak had the same relative elution volume as Fraction-l-Esterase, 
it was assumed that this peak of esterase activity represented a small portion 
of Fraction 1 enzyme that had not precipitated during the protamine sulfate 
treatment. When a solution of the pooled fractions from the second peak 
of esterase activity was applied to a column of DE-52 cellulose, a single 
peak was eluted at a salt concentration of approximately 0.25 M  NaCl.
CBZ-Lys-ONp Esterase Activities During Growth of Ax-3 Cells
The CBZ-Lys-ONp esterase activity of Ax-3 amoebae varied during 
growth of cells on bacteria (Fig.6 ). During the first 40 hours, when the
supply of bacteria was in excess, the enzyme specific activity remained
constant at about 0.4 unit/mg. Between the 40th and the 50th hours of 
incubation, when the supply of bacteria was depleted, the enzyme specific 
activity increased from 0.4 unit/mg to 0.65 unit/mg. Between the 60th and 
the 85th hours of incubation the enzyme specific activity decreased. This 
latter period marked the time when cells initiated differentiation and 
began to aggregate.
The CBZ-Lys-ONp esterase activity of Ax-3 amoebae also varied during 
growth of cells on axenic media (Figs.7-9). The enzyme specific activity
increased during the early stages of exponential cell growth in either
complete HL-5 (Fig.7), HL-5 without added glucose (Fig.8 ), or defined 
medium (Fig.9). However, with each medium a maximum enzyme specific 
activity was reached before cells entered stationary phase. As cells 
progressed into the late stages of stationary phase the enzyme specific 
activity declined and eventually plateaued at a basal level ranging from 
0-05-0.12 unit/mg.
The highest enzyme specific activity was obtained with cells grown
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Fig. 6  Variation in esterase activity during growth of cells in 
association with bacteria. Ten trays of nutrient agar inoculated 
with D.discoideum (strain Ax-3) spores and E.coli were used. At 
designated time intervals after initial inoculation, cells from one 
tray were harvested and washed free of bacteria. Washed cells were 
suspended in an equal volume of 10 riM Tricine (pH 8.0) and stored at 
-60°C, Crude extracts from the cell suspensions were collected and 
assayed for esterase activity. The arrow designated the approximate 
time at which the supply of bacteria began to be depleted.
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Fig. 7 Variation in esterase activity during growth of cells on 
complete HL-5 medium. One liter of HL-5 medium in a three liters 
flask was inoculated with D.discoideum (strain Ax— 3) cells. The 
initial cell density was 1 x 10^ cells/ml. Cell growth was followed 
by withdrawing 1 ml of the culture at intervals and counting the 
cells on a haemocytometer. Aliquots of cells were assayed for esterase 
activity at designated times
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Fig. 8  Variation in esterase activity during growth of cells on 
HL-5 medium without added glucose. One liter HL-5 medium without 
added glucose in a three liters flask was inoculated with 
D.discoideum (strain Ax-3) cells. The initial cell density was 
1 X 10^ cells/ml. Cell growth was followed as described in the legend 
for Fig.7. Aliquots of cells were assayed for esterase activity at 
designated times.
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Fig. 9 Variation in esterase activity during growth of cells on 
defined medium. One liter of defined medium in a three liters flask 
was inoculated with D.discoideum (strain Ax-3) cells. The initial 
density was 1.5 x 10^ cells/ml. Cell growth was followed as described 
in the legend for Fig.7. Aliquots of cells were assayed for esterase 
activity at designated times.
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on bacteria (approximately 0.65 unit/mg. Fig.6 ). Cells grown axenically on 
HL-5 medium without added glucose (Fig.8 ) or on defined medium (Fig.9) 
achieved maximum specific activities of about 0.4 unit/mg. In contrast, cells
grown axenically on complete HL-5 medium achieved a maximum specific activity 
of only about 0.25 unit/mg.
Cells grown on complete HL-5 medium and on defined medium achieved
cell densities of 1 x 1 0  ̂ cells/ml and 2 x 1 0  ̂ cells/ml, respectively.
In contrast, cells grown on HL-5 medium without added glucose achieved a
maximum cell density of only 4 x 1 0  ̂ cells/ml.
CB2-Lys-0Np Esterase Activities During Differentiation of Ax-3 Cells
Ax-3 cells grown with different nutritional conditions were collected, 
washed free of nutrients, and permitted to differentiate on non-nutrient 
agar. At varying intervals of time after the cells were transferred to 
non-nutrient agar, cell aliquots were collected and evaluated for their 
CBZ-Lys-ONp esterase activity. Figures 10-13 show how the esterase specific 
activities varied at different stages of differentiation with cells that
had been grown with different nutritional conditions.
The esterase specific activity for cells previously grown on bacteria 
increased from 0.4 unit/mg to 0.6/mg before the cells were aggregated 
(0-7 hours). Two-thirds of the activity was lost during the next 3 hours 
of differentiation, when the cells were aggregating. The enzyme specific 
activity then decreased gradually during subsequent differentiation, 
reaching a value of less than 0.05 unit/mg in the fruiting bodies (Fig.10).
On the other hand, the esterase activity for cells previously grown 
on HL-5 media (with and without added glucose) increased only during the 
first 2  hours of differentiation, and then decreaed during the next 1 0  hours of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
39
differentiation. Most of the losses in esterase activity occurred before 
the cells had completed aggregation (i.e. before the 1 2 th hour of 
differentiation). During subsequent differentiation the cellular esterase 
specific activity was maintained at a constant low level (Figs.II and 12).
Cells that had been grown on media containing exogenous proteins 
(i.e., either bacteria or HL-5 media) increased their esterase specific 
activity during the initial hours of differentiation, whereas cells grown 
in the absence of exogenous proteins (i.e., on defined medium) did not show 
any increase in esterase specific activity during the early hours of 
differentiation. The enzyme specific activity began to decrease immediately 
after the initiation of differentiation (Fig.13). The specific activity 
decreased from 0.4 unit/mg to less than 0.05 unit/mg during the first 10 
hours of differentiation. The specific activity remained at a low constant 
level after this time.
Fractionation of CBZ-Lys-ONp Esterase Activities by Sephadex G-200 Chromatography
Two peaks of esterase activity were resolved from extracts of cells 
which had been grown on bacteria (Fig.14) or on axenic media (Figs.15-17).
The first peak obtained with each extract had a relative elution volume of 
2, which was Identical to the relative elution volume of Fraction-l-Esterase.
The second peak had V^/V^ corresponding to Fraction-2-Esterase (i.e. V^/V^^=3).
The proportions of the total esterase activity which was recovered 
in the 2  peaks, varied with the nutritional conditions that were used 
for culturing cells (Table 4). With cells grown either on bacteria or on 
defined medium, the majority of activity was recovered as Fraction-1- 
Esterase. In contrast, with cells grown on HL-5 media (with and without added 
glucose), the majority of activity was recovered as Fraction-2-Esterase.
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Fig. 10 Variation in esterase activity during differentiation of 
Ax-3 cells which had been grown on bacteria. Four trays of 
D.discoideum cells growing.in association with bacteria (E.coli) were 
harvested at the time when most of the bacteria had.ibeen depleted. 
Cells washed free of bacteria were suspended in an equal volume of 
40 mM phosphate buffer (pH 6 .6 ). Aliquots, 0.5 ml, of the cell 
suspension were spread on non-nutrient agar, contained in petri 
dishes. Cells from one petri dish were harvested at each designated 
time interval and assayed for esterase activity.
Fig. 11 Variation in esterase activity during differentiation of 
cells which had been grown on HL-5 medium. Five-hundred ml of 
D.discoideum cells growing on HL-5 medium were harvested at exponential 
growth phase (3 x 10 cells/ml). Washed cells were suspended in 40 mM 
phosphate buffer (pH 6 .6 ) to a total volume of 5 ml. Aliquots, 0.5 ml, 
of the cell suspension were spread on non-nutrient agar, contained in 
petri dishes. Cells from one petri dish were harvested at each 
designated time interval and assayed for esterase activity.
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Fig. 12 Variation in esterase activity during differentiation of cells 
which had been grown on HL-5 medium without added glucose. Six-hundred 
ml of D.discoideum cells growing on HL-5 medium without added glucose 
were harvested at exponential growth phase (1.5 x 10^ cells/ml).
Washed cells were suspended in 40 m M  phosphate buffer (pH 6 .6 ) to a 
total volume of 3 ml. Aliquots, 0.5 ml, of the cell suspension were 
spread on non-nutrient agar, contained in petri dishes. Cells from 
one petri dish were harvested at each designated time interval and 
assayed for esterase activity.
Fig. 13 Variation in esterase activity during differentiation of cells 
which had been grown on defined medium. Five-hundred ml of D.discoideum 
cells growing on defined medium were harvested at exponential growth 
phase (3 x 10^ cells/ml). Washed cells were suspended in 40 mM phosphate 
buffer (pH 6 .6 ) to a total volume of 5 ml. Aliquots, 0.5 ml, of the cell 
suspension were spread on non-nutrient agar, contained in petri dishes. 
Cells from one petri dish were harvested at each designated time 
interval and assayed for esterase activity.
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Fig, 14 Sephadex G-200 chromatography of a crude extract from cells 
grown in association with bacteria. One tray of D.discoideum cells, 
grown in association with E.coli, was harvested a time when most of 
the bacteria had been depleted. Cells, washed free of bacteria, were 
suspended in an equal volume of 10 mM Tricine (pH 8.0) and stored at 
-60 C. A 2.6 ml aliquot of the crude extract from the cell suspension 
was applied to a column of Sephadex G-200 previously equilibrated with 
10 mM Tricine (pH 8.0), 0.5 mM dithiothreitol. The column was developed 
with the above buffer, and 2 ml fractions were collected. Fractions 
were assayed for esterase activity.
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Fig. 15 Sephadex G-200 chromatography of a crude extract from cells 
grown on HL-5 medium. Three-hundred ml of D.discoideum cells grown 
on HL-5 medium were harvested at exponential growth phase (3 x 10^ cells 
/ml). Washed cells were suspended in 1 ml of 10 mM Tricine (pH 8.0) and 
stored at -60°C. A  1 ml aliquot of the crude extract from the cell 
suspension was applied to a column of Sephadex G-200 previously 
equilibrated with 10 mM Tricine (pH 8.0), 0.5 m M  dithiothreitol. The 
column was developed with the above buffer, and 2  ml fractions were 
collected. Fractions were assayed for esterase activity.
Fig. 16 Sephadex G-200 chromatography of a crude extract from cells 
grown on HL-5 medium without added glucose. Six-hundred ml of 
D.discoideum cells grown on HL-5 medium without added glucose were 
harvested at exponential growth phase (1.5 x 10^ cells/ml). Washed 
cells were suspended in 1 ml of 10 m M  Tricine (pH 8.0) and stored at 
-60°C. A 1 ml aliquot of the crude extract from the cell suspension 
was applied to a column of Sephadex G-200 previously equilibrated with 
10 mM Tricine (pH 8.0), 0.5 mM dithiothreitol. The column was developed 
with the above buffer, and 2 ml fractions were collected. Fractions 
were assayed for esterase activity.
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Fig. 17 Sephadex G-200 chromatography of a crude extract from cells 
grown on defined medium. Three-hundred ml of D.discoideum cells grown 
on defined medium were harvested at exponential growth phase 
(3 X 10 cells /ml). Washed cells were suspended in 1 ml of 10 mM 
Tricine (pH 8.0) and stored at -60°C. A  1 ml aliquot of the crude 
extract from the cell suspension was applied to a column of Sephadex 
G-200 previously equilibrated with 10 mM Tricine (pH 8.0), 0.5 mM 
dithiothreitol. The column was developed with the above buffer, and 
2 ml fractions were collected. Fractions were assayed for esterase 
activity.
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Table 4 
Proportions of Proteinases
Nutrient % Fraction-l-Esterase 
(Proteinase I)
% Fraction-2-Esterase 
(Proteinase II)
Bacteria 75 25
HL-5 medium 2 0 80
HL-5 medium without 
glucose
1 0 90
Defined medium 63 37
LnO
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Immunoelectrophoresis Studies
Crude extract and partially purified Fractlon-l-Esterase from cells 
grown on HL-5 medium were subjected to immunoelectrophoreses analyses 
using antiserum prepared against purified Proteinase I from NC-4 cells (24). 
Purified Proteinase I from NC-4 cells was used as a reference. Fig. 18 
illustrates the results obtained in these studies.
Immunoelectrophoresis of partially purified Fraction-l-Esterase from 
Ax-3 cells grown on HL-5 medium yielded 2 precipitin arcs (Fig.ISA). However, 
analysis of purified Proteinase I from NC-4 cells as a reference and analysis 
of the crude extract from Ax-3 cells yielded only one precipitin arc (Figs. 
18B and 18D). When a mixture of Fraction-1-Esterase and purified Proteinase 
I was subjected to Immunoelectrophoresis, the precipitin arc pattern was 
very similar to that observed In the analysis of Fraction-1-Esterase alone 
(comparing Flg.lSA with Fig.lSC).
UDPglucose Pyrophosphorylase Activity During Differentiation of Ax-3 Cells 
Grown on Defined Medium
The specific activity of UDPglucose pyrophosphorylase varied 
during differentiation of Ax-3 cells which had been previously grown on 
defined medium (Fig.19). The specific activity of the pyrophosphorylase was 
evaluated 1) In extracts which had been treated with TLCK (solid line); and 
2) In untreated extracts which had been preincubated for 3 hours at 4°C 
(dashed line). The pyrophosphorylase specific activity In the TLCK-treated 
extracts remained at a relatively constant level during the first 24 hours 
of differentiation; and then Increased 4-fold between the 24th and the 
27th hours of differentiation when the cells were forming fruiting 
bodies. With extracts from cells which had differentiated for less
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Fig. 18 Immunoelectrophoresis of Fraction-l-Esterase and crude 
extract from Ax-3 cells grown on HL-5 medium. The symbols in the 
right hand margin designated the components which were applied to 
respective wells of each agar-slide: A, partially purified Fraction-
l-Esterase from Ax-3 cells grown on HL-5 medium (2.28 units/ml);
B, purified Proteinase I bacterial grown NC-A cells (3.5 units/ml);
C, an equal volume mixture of partially purified Fraction-l-Esterase 
from Ax-3 cells and purified Proteinase I from NC-A cells (A+B);
D,,crude extract of Ax-3 cells grown on HL-5 medium (A.l units/ml). 
The direction of current flow during electrophoresis was from left 
(cathode) to right (anode).
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Fig. 19 Variation in UDPglucose pyrophosphorylase activity during 
differentiation of Ax-3 cells grown on defined medium. One liter of 
D.discoideum cells that had been grown on defined medium were harvested 
at exponential growth phase (3 x 10^ cells/ml). Washed cells were 
suspended in 40 mM phosphate buffer (pH 6 .6 ) to a total volume of 
10 ml. Aliquots, 0.5 ml, of the cell suspension were spread on 
non-nutrient agar petri dishes. At designated time intervals, cells 
from two petri dishes were harvested, washed, and divided into two equal
aliquots. One aliquot was suspended in 0.3 ml of 10 mM Tricine (pH 8.0).
The other aliquot was suspended in 0.3 ml of 10 mM Tricine (pH 8.0), 
containing 1 mM TLCK. The two aliquots were stored at -60°C. Crude
extracts derived from the two frozen aliquots were assayed for
UDPglucose pyrophosphorylase activity. The pyrophosphorylase in TLCK
treated extracts (•--- #), and in untreated extracts (o o) are plotted
as a function of hours of differentiation.
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than 8  hours, there was a significant difference in the pyrophosphorylase 
specific activity between the TLCK-treated extracts and the untreated 
extracts. The pyrophosphorylase specific activity in the untreated extracts 
was 5-10 fold lower than the specific activity in the TLCK-treated 
extracts during this period of time. Between the 8 th and the 10th hours 
of differentiation the enzyme specific activity increased in the 
untreated extracts. After the 10th hour of differentiation, the specific 
activity in the untreated was the same as that in the TLCK-treated 
extracts.
Relationships Between the Levels of Fraction-l-Esterase and the Levels of 
UDPglucose Pyrophosphorylase During Growth of Ax-3 Cells
Table 5 shows that there was an inverse relationships between the 
levels of Fraction-l-Esterase and the levels of UDPglucose pyrophosphorylase 
during growth of Ax-3 cells. The specific activity of the pyrophosphorylase 
present in Ax-3 cells grown on bacteria and on HL-5 medium was obtained 
from the results described by Hames (31).
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Table 5
Relationships between the levels of Fraction-l-Esterase and the levels of UDPglucose
pyrophosphorylase during growth of Ax-3 cells
Nutrient Fract ion-1-Esterase 
(Proteinase I)
UDPglucose pyrophosphorylase
Bacteria 0.45 unit/mg 0.05 unit/mg
Defined medium 0.27 0 . 1 0
HL-5 medium 0.05 0 . 2 0
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CHAPTER IV 
DISCUSSION
I. Relationships Between Esterases in Ax-3 Cells and Proteinases I and 
II in NC-4 Cells
A  comparison of the properties of Fraction-l-Esterase and Fraction- 
2-Esterase isolated from axenically grown Ax-3 cells (HL-5 medium) 
with Proteinase 1 and Proteinase II isolated from NC-4 cells grown on 
bacteria (table 6 ) suggested that Fraction-l-Esterase is very similar 
to Proteinase 1 with regards to its 1) precipitation with protamine 
sulfate, and 2) chromatographic properties with Sephadex G-200 
and DEAE-cellulose. Fraction-l-Esterase also exhibited identical prop­
erties with Proteinase 1 during Immunoelectrophoresis (Fig. 18).
The results summarized in Table 6  also indicated that Fraction-2- 
Esterase was very similar to Proteinase 11. Like Proteinase 11 
from NC-4 cells, Fraction-2-Esterase from Ax-3 cells did not precipitate 
with protamine sulfate. In addition, the two enzymes had similar chromato­
graphic properties with Sephadex G-200 and DEAE-cellulose. Based on the 
above correlations, it appeared that the 2  esterases partially fractiona­
ted from Ax-3 cells were virtually identical to Proteinases I and 11 
isolated previously from NC-4 cells (24). Therefore, it was concluded 
that the genetic differences between strain Ax-3 and strain NC-4 did not 
influence the structures of these enzymes. The above analysis also 
supported the view that the total CBZ-Lys-ONp esterase activity in 
extracts of Ax-3 cells reflected the combined activities of Proteinase 1 
and Proteinase 11.
58
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Table 6
Properties of esterases from Ax-3 cells and Proteinases I and II from NC-4 cells
FractIon-1-Esterase Fractlon-2-Esterase Proteinase 2Proteinase II
Solubility in the 
presence of protamine 
sulfate
Insoluble soluble insoluble soluble
Relative elution volume 
with Sephadex G-200
2 3 2 3
Concentration of NaCl 
required for elution 
from DE52 cellulose
2.9 M 2.5 M 2.9 M 2.5 M
1
Gustafson and Milner (24).
^Gustafson and Milner (unpublished data).
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II. Assumptions Pertaining to the Functions of Proteinases I and II in 
Growing and Differentiating Cells of D.discoideum
Many of the results obtained in this study can best be discussed 
within the format of some specific assumptions about the possible roles 
of Proteinases I and II in D.discoideum. These assumptions are outlined 
below.
1. The digestion of nutrient proteins by growing cells and the 
turnover of endogenous cellular proteins by both growing and different­
iating cells are intracellular processes. It is clear that the initial 
steps in the digestion of phagocytized bacteria occurs within lysosomal 
vesicles of amoebae, and it seems reasonable to assume that the digestion 
of bacterial proteins would also occur in these intracellular vesicles.
It is not known at present how axenically grown cells utilize soluble 
peptides (peptone) provided in growth medium, but it seems most likely 
that these peptides are taken into cells by pinocytotic processes and 
also digested in lysosomes.
2. Proteinases I and II could function both in the digestion of 
nutrient proteins by growing cells and also in catalyzing the turnover 
of cellular proteins in growing and differentiating cells. Proteinases 
I and II have been shown to be very non-specific with respect to their 
abilities to cleave peptide bonds^. Thus it appears that they could 
contribute to the digestion of any nutrient protein or peptide. Proteinase 
I has also been shown to catalyze the vitro degradation of several 
cellular enzymes produced by D.discoideum amoebae (24). Preliminary 
evidence has suggested that at least a portion of these proteinase 
activities probably occur in lysosomal vesicles of growing amoebae^.
G.L. Gustafson and L.A. Milner, unpublished results.
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3. The rate of utilization of nutrient proteins and peptides by 
growing cells and the rate of turnover of endogenous, cellular proteins 
by growing and differentiating cells could be limited by the cellular 
levels of Proteinases I and II, It is generally accepted that the rate 
of degradation of any protein in a cell is limited by the rate of 
cleavage of the first peptide bond by an endopeptidase (33). Proteinases 
I and II could very likely participate in catalyzing these rate limiting 
reactions.
4. Proteinase I may be more important than Proteinase II in 
catalyzing 1 ) the digestion of bacterial proteins during non-axenic 
growth of cells, and 2 ) the turnover of endogenous, cellular proteins. 
Studies by Gustafson and Milner^ have shown that Proteinase I is much 
more effective than Proteinase II in catalyzing the degradation of large, 
highly folded protein substrates (i.e., substrates in which conformational 
features probably influence digestion).
5. Proteinase II could be equally as effective as Proteinase I 
in catalyzing the digestion of peptone-peptides in axenically grown 
cells. Peptone-peptides would be expected to have very little tertiary 
structure. Hence, their digestions should not be rate limited by their 
conformational features.
III. Variations in the Specific Activities of Proteinases I and II 
During Growth and Differentiation
A. Variations during growth
1. Cells grown on bacteria —  Ax-3 cells grown in association with 
bacteria on a nutrient agar medium depended solely on bacteria as their 
source of nutrient. Since protein represented at least 50% of the total 
dry weight of bacteria, bacterial proteins probably were the main source
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of energy and biosynthetic precursors for the cells.
The maximum combined specific activity of Proteinase I plus 
Proteinase II during growth was 0.65 unit/mg. Assuming that the specific 
activities of purified Proteinases I and II were 35 units/mg (24), the 
2 proteinases represented about 1.7% of the total cellular protein of 
Ax-3 cells (i.e. 0.65/35 x 100 = 1.7%). In comparison, the 2 proteinases 
represented about 3.4% of the total cellular protein in NC-4 cells (24). 
The proteinase specific activity increased at the time when the supply 
of bacteria was depleted from agar plates. This increase in specific 
activity probably resulted from a loss of bacterial proteins ingested 
prior to starvation, rather than from an increase in total proteinases. 
Subsequent starvation and the initiation of differentiation of bacterial 
grown cells was accompanied by a decrease in the specific activity of 
the proteinases (Fig.6 ). The decrease apparently reflected a loss of 
cellular proteinase activity.
2. Cells grown on HL-5 medium —  The proteinase specific activity 
was maintained at 0.25 unit/mg during exponential growth of Ax-3 cells on 
HL-5 medium. This was about 2^ times lower than the maximum specific 
activity observed with cells growing on bacteria. This lower specific 
activity of proteinase may reflect a lower rate of utilization of nutrient 
proteins by these cells (assuming that the proteinases are rate-limiting 
for utilization). Since Ax-3 cells grown on HL-5 medium had a much longer 
generation time than cells grown on bacteria, one would expect 
that these cells would utilize nutrient proteins at a slower rate. 
Apparently when cells were transferred from bacteria to HL-5 medium, 
they altered their proteinase levels in relation to alterations in their 
rates of protein utilization.
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Proteinases I and II may also function in catalyzing the turnover 
of cellular ptoteins in cells grown on HL-5 medium. Assuming that Protei­
nases I and II are rate-limiting for this turnover (as well as for 
nutrient protein utilization), it would be predicted that the decrease 
in the specific activities of proteinases in stationary phase cells 
(Figs.7— 9) would be correlated with a decreased rate of cellular protein 
turnover. That is, these results suggested that as cells progressed from 
a growth phase to a stationary phase, the rate of cellular protein 
turnover may have decreased.
3. Cells grown on HL-5 medium without added glucose —  A higher 
specific activity of proteinase was achieved during growth of cells on 
HL-5 medium lacking glucose than during growth of cells on complete HL-5 
medium (comparing Figs.7 and 8 ). This difference in specific activities 
probably reflected a difference in the rate of utilization of nutrient 
peptides by cells in the two media. It would be predicted that cells 
growing on the incomplete medium would utilize nutrient peptides at a 
faster rate than cells grown on complete medium. In the incomplete 
medium, cells had to utilize nutrient peptides both as a source of 
energy and as a source of biosynthetic precursors. Whereas, in the 
complete medium cells utilized glucose as a source of energy, and 
hence utilized nutrient peptides only as a source of biosynthetic 
precursors. Support for this difference in the utilization of nutrient 
peptides was provided by the observation that cells grown on incomplete 
HL-5 medium obtained a maximum cell density 40% lower than that observed 
with cells grown on the complete HL-5 medium.
4. Cells grown on defined medium —  Ax-3 cells grown on defined 
medium had a higher specific activity of proteinase than cells grown on 
HL-5 medium (comparing Figs.7 and 9). This was a rather surprising
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observation, because cells on defined medium had no apparent requirement 
for proteinases in the utilization of the nutrients (i.e., free amino 
acids were provided to the cells in defined medium). The higher levels 
of proteinases in cells grown on defined medium suggested that these cells 
may have an increased need for proteinases in processes not related to the 
utilization of nutrients. For example, cells grown on defined medium 
may catalyze a more rapid turnover of cellular proteins than cells 
grown on HL-5 medium.
B. Variation during differentiation
An increase in proteinase specific activity was observed during 
the initial hours of differentiation of cells grown on media containing 
exogenous proteins (Figs.10-12). In contrast, with cells grown on defined 
medium the proteinase specific activity began to decrease immediately after 
the initiation of differentiation. These results suggested that the 
increase in proteinase specific activity in the former cells probably 
was attributed to the loss of exogenous proteins ingested prior to 
starvation, rather than the result of an increase in the proteinase levels.
Previous studies (19) have indicated that differentiating cells 
of D.discoideum catalyze an extensive turnover and net degradation of 
cellular protein. Over 60% of the total cellular proteins are degraded 
over the course of differentiation. The rate of cellular protein turnover 
was 18% per hour in the amoebae stage, 13% per hour in the aggregation stage 
and 7% per hour in the preculmination stage (32). The decrease in the rate
of cellular protein turnover from 18% to 13% per hour during the 
early stages of differentiation may be correlated with the loss of 
Proteinase I and Proteinase II during this period (Figs. 10-12).
However, since cellular proteins were apparently still turning over at
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the rate of 7%/hour in the preculmination stage in the absence of 
Proteinases I and II, it was concluded that Proteinase I and Proteinase 
II probably were not the only proteinases functioning in protein turnover 
during cellular differentiation.
IV. Relative Levels of Proteinase I and Proteinase II in Cells Grown 
Under Different Nutritional Conditions
In Ax-3 cells grown on bacteria Proteinase I predominated over 
Proteinase II. The ratio of Proteinase IiProteinase II in these cells 
was about 3:1. This ratio was comparable to the Proteinase I/Proteinase II 
ratio previously found with NC-4 cells (i.e., with NC-4 cells the ratio 
was about 2:1). Ax-3 cells grown on HL-5 media (with and without added 
glucose) contained more Proteinase II than Proteinase I. The ratio of 
Proteinase IiProteinase II in this case was about 1:4. The difference 
in the ratio of Proteinase I:Proteinase II in these 2 groups of cells 
may be attributable to the difference in the nature of the peptides 
being utilized as nutrients. Bacterial proteins were mostly highly 
folded proteins with a definite tertiary structure; whereas proteose 
peptone and peptides from yeast extract presumably contained primarily 
small peptides. As indicated previously (assumption 4), it is possible 
that Proteinase I may be more effective than Proteinase II in providing 
for the degradation of protein substrates which have a significant content 
of tertiary structure. In line with this assumption, it seems likely that 
bacterial grown cells might have a greater need for Proteinase I than 
axenically grown cells.
The transfer of Ax-3 cells from HL-5 medium to defined medium 
also caused a change in the ratio of Proteinase IiProteinase II. As 
shown in Table 4, cells grown on defined medium had a Proteinase Ii 
Proteinase II ratio of 2:1. Thus, similar with cells growrn on bacteria,
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Proteinase I predominated over Proteinase II. It was previously suggested 
that cells growing on defined medium may catalyze a more rapid turnover 
of cellular proteins than cells growing on HL-5 medium (see section III 4A). 
Since it would be predicted that the rate of turnover of cellular proteins 
would be more dependent upon Proteinase I than Proteinase II (assumption 4), 
the relatively high level of Proteinase I in cells growing on defined 
medium supported the view that these cells could catalyze a more signifi­
cant turnover of cellular proteins than cells growing on HL-5 medium.
V. UDPglucose Pyrophosphorylase From Axenically Grown Ax-3 Cells
Evidence was previously described (23) which supported the view 
that Proteinase I contributed to the regulation of UDPglucose pyrophos­
phorylase levels during differentiation of NC-4 cells. The results in 
previous studies had shown that Proteinase I was able to inactivate 
the pyrophosphorylase vitro. In addition, a temporal correlation was 
observed between the loss of Proteinase I and the initiation of the 
accumulation of UDPglucose pyrophosphorylase during differentiation 
of NC-4 cells. It was proposed that Proteinase I catalyzed a rapid 
turnover of pyrophosphorylase during the initial hours of differentiation, 
and that this turnover prevented the enzyme from accumulating. The 
subsequent accumulation of the enzyme later in differentiation appeared 
to be attributed to a decrease in the rate of turnover which resulted 
from a loss of cellular Proteinase I.
Results from our present studies with Ax-3 cells grown on defined 
medium further supported the view that Proteinase I was able to inactivate 
UDPglucose pyrophosphorylase Jri vitro. This was seen in comparing I) the 
change in levels of Proteinase I during differentiation with 2) the 
change in the vitro stability of the pyrophosphorylase (comparing
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Figs.13 and 19). During the initial hours of differentiation when Protei­
nase I was present at high levels, the addition of TLCK (an inhibitor of 
Proteinase I) to the extracts was needed to stabilize the pyrophosphorylase 
against inactivation. However, the pyrophosphorylase was stable in 
extracts of cells which contained a very low level of Proteinase I 
(i.e., extracts prepared from cells which had differentiated for more 
than 10 hours). Thus, apparently the in vitro inactivation of the 
pyrophosphorylase was correlated with the presence of Proteinase I.
On the other hand, results from the same studies did not show 
any correlation between changes in the levels of Proteinase I and the 
levels of UDPglucose pyrophosphorylase. The 4-fold increase in the 
specific activity of pyrophosphorylase during the late stages of 
differentiation probably was the result of a loss of cellular proteins 
rather than an actual accumulation of the enzyme (cells lost 75% of the 
total cellular protein during the course of differentiation). Thus, the 
results showed that there was a decrease in the levels of Proteinase I 
during the first 1 0  hours of differentiation, but there was no apparent 
change in the levels of pyrophosphorylase over the course of differentia­
tion. Assuming that Proteinase I catalyzed a turnover of the pyrophosph­
orylase during the initial hours of differentiation of Ax-3 cells from 
defined medium, the above results suggested that the rate of pyrophosph­
orylase synthesis decreased in cells at the same stage that Proteinase I 
was lost.
Previous studies by Hames (31) have shown that Ax-3 cells grown 
on HL-5 medium contained a higher specific activity of UDPglucose 
pyrophosphorylase than cells grown on bacteria. Combining this result 
and the results in our present studies, we have found that there was an
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inverse relationship between the specific activity of Proteinase I and 
the specific activity of UDPglucose pyrophosphorylase in Ax-3 cells 
grown under different nutritional conditions (Table 5). This relationship 
suggested a possible role for Proteinase I in regulating the levels 
of pyrophosphorylase during growth. It further supported the earlier 
suggestion that Proteinase I may also catalyze the turnover of other 
cellular proteins during the growth phase of D.discoideum.
Assumptions were made earlier in the discussion to help to 
interprète the results. In making these assumptions, certain predictions 
could be made about the outcome of some of our experiments. If these 
predictions agreed with the actual results of the experiments, this would 
at least provide circumstantial evidence in supporting the assumptions.
In following this line of interpretation, the results have suggested 
that :
1. Proteinases I and II might be responsible for the degradation 
of nutrient proteins. Given the assumptions that Proteinases I and II 
could function in the digestion of exogenous proteins, and that the 
rate of utilization of nutrient proteins could be limited by the cellular 
levels of Proteinases I and II; it was predicted that the relative levels 
of Proteinases I and II would reflect upon the rate of nutrient protein 
utilization. The results indicated that higher levels of Proteinases I 
and II were found in cells predicted to have higher rate of nutrient 
protein utilization. The fact that these results agreed with the 
predictions, has provided at least circumstantial evidence in supporting 
the assumptions.
2- Proteinases I and II might also function in the degradation
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of intracellular proteins. The relatively high levels of Proteinases I 
and II in cells with no apparent requirement for proteinases in the 
utilization of exogenous proteins, suggested the possible function of 
the proteinases in catalyzing intracellular protein turnover. One 
example of this was the possible involvment of Proteinase I in 
regulating the levels of UDPglucose pyrophosphorylase during cellular 
growth and differentiation.
3. Proteinase I might be more effective than Proteinase II in 
degrading highly folded proteins. Given this assumption, it was predicted 
that we would find more Proteinase I in cells with highly folded proteins 
as the major substrates for the proteinases. The results indicated that 
more Proteinase I was observed in cells grown either on bacteria or on 
defined medium. Depending on the assumptions that Proteinases I and II 
functioned mainly in the degradation of nutrient proteins and intracellular 
proteins in cells grown on bacteria or on defined medium respectively, 
bacterial proteins and endogenous proteins would be the major substrates 
for the proteinases in these cells. Since these proteins were mainly 
highly folded proteins with definite tertiary structures, the results 
did agree with the predictions and thus supported the assumptions.
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CHAPTER V 
SUMMARY
It has been concluded from the results that:
1. Proteinases I and II were produced by the axenic strain,
Ax-3, of Piety os telium discoideum as well as by the wild-type strain, NC-4.
2. Both the total levels of the proteinases and their relative 
proportions varied according to the nutritional status of the growing 
cells.
3. Changes in the nutritional status of the cells did not alter 
the variations in the levels of the proteinases during cellular 
differentiation.
4. Proteinases I and II were not the only proteinases functioning 
in the intracellular protein turnover during cellular differentiation.
In addition, the results have suggested that:
1. Proteinases I and II might be responsible for the degradation
of nutrient proteins and also in the catabolism of endogenous, intracellular 
proteins.
2. Proteinase I might be more important than Proteinase II in 
degrading highly folded proteins.
70
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